Transforming growth factor-␤1 (TGF-␤1) protects against neuroinflammatory events underlying neuropathic pain. TGF-␤ signaling enhancement is a phenotypic characteristic of mice lacking the TGF-␤ pseudoreceptor BAMBI (BMP and activin membrane-bound inhibitor), which leads to an increased synaptic release of opioid peptides and to a naloxone-reversible hypoalgesic/antiallodynic phenotype. Herein, we investigated the following: (1) the effects of BAMBI deficiency on opioid receptor expression, functional efficacy, and analgesic responses to endogenous and exogenous opioids; and (2) the involvement of the opioid system in the antiallodynic effect of TGF-␤1. BAMBI-KO mice were subjected to neuropathic pain by sciatic nerve crash injury (SNI). Gene (PCR) and protein (Western blot) expressions of -and ␦-opioid receptors were determined in the spinal cord. The inhibitory effects of agonists on the adenylyl cyclase pathway were investigated. Two weeks after SNI, wild-type mice developed mechanical allodynia and the functionality of -opioid receptors was reduced. By this time, BAMBI-KO mice were protected against allodynia and exhibited increased expression and function of opioid receptors. Four weeks after SNI, when mice of both genotypes had developed neuropathic pain, the analgesic responses induced by morphine and RB101 (an inhibitor of enkephalin-degrading enzymes, which increases the synaptic levels of enkephalins) were enhanced in BAMBI-KO mice. Similar results were obtained in the formalin-induced chemical-inflammatory pain model. Subcutaneous TGF-␤1 infusion prevented pain development after SNI. The antiallodynic effect of TGF-␤1 was naloxone-sensitive. In conclusion, modulation of the endogenous opioid system by TGF-␤ signaling improves the analgesic effectiveness of exogenous and endogenous opioids under pathological pain conditions.
Introduction
Physiological pain alerts the body to the presence of tissue damage or disease. The painful experience is proportional to the intensity of the stimulus, triggers defensive responses that aim to protect the organism, and disappears once the injury is overcome. However, after neural damage or inflammation or sometimes in the absence of any identifiable cause, pain may persist long after the injury has healed because of the establishment of maladaptive plasticity in the nervous system (Woolf and Ma, 2007; Basbaum et al., 2009) . Chronic pain should be considered a disease (Cervero, 2009) ; it is refractory to conventional medical treatments and affects nearly 20% of the adult population (Breivik et al., 2006) .
Neuropathic pain is a prevalent chronic pain syndrome (Bouhassira et al., 2008) that arises from damage to or dysfunction of the somatosensory nervous system (von Hehn et al., 2012) . People with neuropathic pain may experience longlasting, altered pain sensations, such as hyperalgesia, allodynia, and spontaneous pain, which often respond poorly to treatments and, for some people, can be debilitating (Finnerup et al., 2005) . Although the precise pathophysiological mechanisms are poorly understood, neuropathic pain is considered a neuroimmune disorder caused by a complex crosstalk between neurons, activated glia, and immune cells in the PNS and CNS (Milligan and Watkins, 2009; Austin and Moalem-Taylor, 2010; Calvo et al., 2012) . Growth factors, inflammatory mediators, and cytokines are key players in the pathological plasticity underlying neuropathic pain (Ren and Dubner, 2010).
The transforming growth factor-␤ (TGF-␤) family of cytokines (Wharton and Derynck, 2009; Massagué, 2012) exerts important pleiotropic regulatory effects on nociceptive transmission (Lantero et al., 2012) . In particular, TGF-␤1 is a relevant mediator, providing protective effects against neuropathic pain after nerve injury. The mechanism involves inhibition of glial activation and inflammatory cytokine release, and protection against neuronal apoptosis in the spinal cord (Echeverry et al., 2009 ). In the PNS, TGF-␤1 reduces infiltration by T-lymphocyte and cytokine/chemokine secreting macrophages (Echeverry et al., 2013) .
The signaling capability of TGF-␤ is negatively modulated by the transmembrane protein BAMBI (BMP and activin membranebound inhibitor), a pseudoreceptor that is structurally similar to type I TGF-␤-receptors but lacks the kinase domain required for phosphorylation of Smad transcription factors (Onichtchouk et al., 1999) . In a previous report from our group, deletion of BAMBI reveals a key inhibitory influence of TGF-␤ signaling on physiological nociception and in models of inflammatory and neuropathic pathological pain (Tramullas et al., 2010) . The hypoalgesic/antiallodynic phenotype of BAMBI-KO mice depends on increased activity of the endogenous opioid system after the transcriptional activation, increased expression, and synaptic release of endogenous opioid mediators (Tramullas et al., 2010; Lantero et al., 2012) .
Herein, we elucidated the postsynaptic consequences of BAMBI deletion on opioid receptor expression and signaling and their contribution to the antiallodynic phenotype of BAMBI-KO mice. We also assessed whether BAMBI deficiency affects the antinociceptive responses elicited by drugs that presynaptically and postsynaptically facilitate the opioid signals. Finally, we analyzed the involvement of opioid-related mechanisms in the antiallodynic effect of TGF-␤1.
Materials and Methods

Animals
BAMBI-KO mice were generated by homologous recombination in a 129SvJ/C57BL6 mouse line as described previously (Tramullas et al., 2010) . Mutant mice were backcrossed to the C57BL/6 strain up to the 12th generation. Mice were maintained in heterozygosity, and the WT and KO mice used in our studies were the offspring from BAMBI ϩ/Ϫ mating couples. The experiments were performed using 14-to 18-weekold male mice. The animals were housed in a room kept at 22°C and exposed for their whole lifespan to an inverted 12 h light/12 h dark cycle (dark from 8:00 A.M. to 8:00 P.M.). Food and water were provided ad libitum. The study was approved by the Cantabria University Institutional Laboratory Animal Care and Use Committee, and the experiments were performed in accordance with the Declaration of Helsinki and the European Communities Council Directive (86/609/EEC) and the guidelines of the Committee for Research and Ethical Issues of International Association for the Study of Pain (Zimmermann, 1983) . Every effort was made to minimize the number of animals used and their suffering.
Drugs
The dual inhibitor of enkephalinases, RB101 (N-[(R,S)-2-benzyl-3[(S)-(2-amino-4-methylthio) butyldithiol]-1-oxopropyl]-L-phenylalanine benzyl ester) was provided by Dr. Bernard Roques. RB101 was dissolved in 300 l of vehicle containing ethanol (10%), Cremophor (10%), and distilled water (80%). The opioid analgesic morphine was obtained from the Ministerio de Sanidad y Consumo, Gobierno de España. The opioid antagonists naloxone and methyl-naloxone were obtained from SigmaAldrich. Morphine and naloxone were dissolved in 150 l of saline. Recombinant TGF-␤1 was supplied by R&D Systems and dissolved in 4 nM HCl plus 2 mg/ml albumin.
Pain behavior studies
Mice were allowed to acclimate to the environment for at least 1 h before testing, and the behavioral tests were performed during their activity (dark) phase, under dim red light. Behavioral testing was performed by observers blinded to the mouse genotype.
Chronic neuropathic pain behavior studies: crush injury of the sciatic nerve. Mice were subjected to sciatic nerve crush injury (Bester et al., 2000) under inhalational anesthesia with isoflurane (induction, 4%; surgery, 1.5-2%). Briefly, the left common sciatic nerve was exposed via blunt dissection among two muscle bundles of the biceps femoris muscle. The sciatic nerve was isolated from surrounding connective tissue at the mid-thigh level and crushed with smooth forceps for 7 s just before the bifurcation of the peripheral branches, tibial, sural, and peroneal nerves. The muscle and skin layers were closed under aseptic conditions. Control cohorts (sham-operated mice) underwent the same surgical procedure, but the nerve was exposed and left intact. The time course of neuropathic pain development, manifested as mechanical hypersensitivity and tactile allodynia, was assessed before surgery and every 2 d after crush injury of the sciatic nerve. Animals were placed on an elevated wire grid and the plantar hindpaw stimulated using von Frey monofilaments of increasing strength (0.07-8 g). The results are expressed as the percentage of paw withdrawals in response to 10 applications of the stimulus. Withdrawal threshold was determined as the filament at which the animal withdrew its paw in response to at least 5 of 10 applications.
Acute chemical-inflammatory pain: formalin test. Mice received a 20 l intraplantar injection of a 2% formalin solution in the left hindpaw after which the animals were put into a Plexiglas box for the test. The time spent licking the injected paw and the number of times the paw was shaken were scored within the first 5 min (first phase) and from 20 to 60 min after the injection (second phase).
Pharmacological treatments. Mice of both genotypes subjected to sciatic nerve injury (SNI) received a single injection of RB101 (100 mg/kg, i.p.) or vehicle 30 min before nociceptive testing on day 28 after SNI, when mice of either genotype had developed similar levels of mechanical allodynia. In another series, mice of both genotypes received cumulative doses of morphine (1, 3, 6, and 10 mg/kg) or vehicle. The hindpaw responses to mechanical stimulation were assessed 30 min after the administration of each dose of morphine.
Mice of both genotypes subjected to SNI received chronic vehicle (0.24 l/h) or recombinant TGF-␤1 (R&D Systems; 6.2 ng/h, 14 d) using osmotic minipumps (Alzet 1002, Durect) implanted subcutaneously at the time of nerve surgery. The pumps deliver solutions at a constant rate of 0.24 l/h for 14 d.
In the antagonism series, either naloxone or methyl-naloxone was administered intraperitoneally at the dose of 1 mg/kg 30 min before nociceptive testing.
Mice of both genotypes subjected to the formalin test received a single injection of morphine (3 or 6 mg/kg, i.p.) 30 min before the intraplantar injection of formalin.
Neurochemical studies
RNA isolation, cDNA synthesis, and real-time PCR. Total RNA from the dorsal horn of the lumbar spinal cord was obtained by TRIzol (Invitrogen) extraction. A total of 1 g of the isolated RNA was reverse transcribed into cDNA with an RT-PCR kit (Fermentas), according to the instructions of the manufacturer. Quantitative, real-time PCR was conducted on a thermocycler (Stratagene MX-3000P) using specific TaqMan expression assays (Applied Biosystems) and Universal PCR Master Mix (Takara). Specific TaqMan assays (Applied Biosystems) were used for -and ␦-opioid receptors. The results were normalized to the expression of the housekeeping gene ribosomal 18S RNA, measured in parallel in each sample. Results are expressed as ⌬⌬Ct. Duplicate transcript levels from 4 to 6 mice per group were determined in three independent experiments.
Western blot. Whole-cell lysates were prepared from the dorsal horn of the lumbar spinal cord. Equal amounts of protein were resolved on 10% SDS-PAGE and transferred to PVDF membranes (Bio-Rad) using a Mini Trans-Blot Electrophoresis Transfer Cell (Bio-Rad). The following primary antibodies were used: anti--opioid receptor (1:500; Abcam), anti-␦-opioid receptor (1:500; Santa Cruz Biotechnology), and anti-GAPDH (1:500, Santa Cruz Biotechnology). Chemiluminescence was detected with the ECL Advanced kit (GE Healthcare Europe). The films were scanned, and optical densities were determined using the Scion Image software (Scion). The results were expressed as optical density of the sample dots normalized to that obtained for GAPDH. Samples from 4 mice per group were tested in two independent experiments.
Immunofluorescence. For GFAP immunofluorescent staining, mice subjected to SNI (n ϭ 3 vehicle-treated and n ϭ 3 TGF-␤-treated) animals were perfused with PFA (3.7% in PBS, freshly prepared) under deep pentobarbital anesthesia. The lumbar spinal cord was dissected and postfixed in PFA (3.7% in PBS) for 12 h. The tissue was sectioned on a vibratome (50 m). Samples free floating in PBS were treated with 0.5% Triton X-100 plus donkey serum (3%) in PBS for 15 min. The samples were incubated overnight at 4°C with a rabbit anti-GFAP polyclonal antibody (1:200; Dako). After washing in PBS, the samples were incubated with the specific secondary antibody conjugated with Texas Red (Jackson ImmunoResearch Laboratories) and washed and mounted in VectaShield (Vector Laboratories). Omission of primary or secondary antibodies completely abolished specific staining. Confocal microscopy was performed with an LSM-510 laser scanning microscope (Carl Zeiss).
cAMP assay. The assays were performed as described previously (Valdizán et al., 2012) with some variations. A total of 50 mg of spinal cord samples was homogenized (1:60 -1:90 weight/volume dilution) in an ice-cold homogenization buffer (20 mM Tris-HCl, 1 mM EGTA, 5 mM EDTA, 1 mM DTT, 25 g/ml leupeptin, and 300 mM sucrose, pH 7.4). The homogenates were centrifuged at 1500 ϫ g (5 min at 4°C), and the resulting supernatants were centrifuged at 13,000 ϫ g (15 min at 4°C). The pellets were resuspended in homogenization buffer. A total of 50 mg of protein was preincubated for 5 min at 37°C in assay buffer (80 mM Tris-HCl, 0.2 mM EGTA, 1 mM EDTA, 2 mM MgCl 2 , 100 mM NaCl, 60 mM sucrose, 1 mM DTT, 10 mM GTP, 0.5 mM IBMX, 5 mM phosphocreatine, 50 U/ml creatine phosphokinase, and 5 U/ml myokinase, pH 7.4) without (basal AC activity) or with 10 mM forskolin (FK; FK-stimulated cAMP accumulation). Opioid receptor-mediated inhibition of FKstimulated cAMP accumulation was determined using the -agonist DAMGO (10 Ϫ5 M) and the ␦-agonist DPDPE (10 Ϫ5 M). The specificity of the effects was determined by adding selective opioid antagonists (: ␤-funaltrexamine; ␦: naltrindole) to the medium at a concentration of 10 Ϫ4 M. In all the experimental conditions, Mg-ATP 0.2 mM was added to the membranes, and the mixture was incubated for 10 min at 37°C. The reaction was stopped by boiling for 5 min, and the cAMP concentration was determined in a 50 l sample of the supernatant using a commercial kit (TRK 432, GG; GE Healthcare Pharmacia Biotech U.K. Limited). Assays were performed using 4 -10 samples per group in triplicate. Each sample was analyzed in two independent experiments. The results are expressed as pmol of cAMP/min/mg protein.
Data analysis and statistics
Behavioral experiments were conducted blindly both to the treatment and to the genotype of the mice. Significant differences between groups were analyzed with one-way, two-way, or repeated-measures ANOVA, as appropriate, followed by Bonferroni's post hoc test. Independent-sample t tests were used to compare two independent groups. All tests were performed at a significance level of p Ͻ 0.05. All analyses were performed using SPSS 20.0 for Windows. All graphs show the mean values Ϯ SEM.
Results
Neurochemical consequences of BAMBI deficiency in opioid receptor signaling
We have previously reported that an absence of the inhibitory influence of BAMBI in knock-out mice results in a gain in TGF-␤ signaling in the CNS (Tramullas et al., 2010) . As a result, BAMBIdeficient mice display a hypoalgesic and antiallodynic phenotype associated with increased production of ␤-endorphin and enkephalin opioid peptides. Accordingly, the phenotype was completely reversed by selective antagonists of -and ␦-opioid
receptors. Here, we tested the hypothesis that postsynaptic changes in -and ␦-opioid receptor signaling could also contribute to the antiallodynic phenotype of BAMBI-KO mice. For this purpose, -and ␦-opioid receptor expression and signaling through the adenylyl cyclase pathway were determined in the lumbar spinal cord from mice subjected to sciatic SNI. The experiments were performed on day 14 after SNI, when mice exhibited maximal differences between genotypes in the degree of mechanical allodynia developed (i.e., WT mice developed allodynia while BAMBI-KO mice did not).
BAMBI-deficient mice subjected to SNI exhibited upregulation of -and ␦-opioid receptors in the lumbar spinal cord
The -and ␦-opioid receptor mRNA and protein expression levels were determined in the lumbar spinal cord by qPCR and Western blot, respectively. As shown in Figure 1A , B, on day 14 after SNI, BAMBI-KO exhibited a significant increase in the transcript levels of both -(n ϭ 4 or 5 per group; two-way ANOVA: genotype, F (1,15) ϭ 35.7, p Ͻ 0.001; nerve injury, F (1,15) ϭ 39.0, p Ͻ 0.001; genotype ϫ nerve injury, F (1,15) ϭ 35.5, p Ͻ 0.001) and ␦-opioid receptors (n ϭ 5 or 6 per group; two-way ANOVA: genotype, F (1, 22) ϭ 20.5, p Ͻ 0.001; nerve injury, F (1,22) ϭ 24.2, p Ͻ 0.001; genotype ϫ nerve injury, F (1, 22) ϭ 18.7, p Ͻ 0.001) compared with sham BAMBI-KO mice, whereas no significant changes in the gene expression of opioid receptors were observed in the WT group. The increased expression of both receptor types in KO mice subjected to SNI was confirmed at the protein level (Fig. 1C,D) by Western blot experiments [-opioid receptor (n ϭ 4 per group; two-way ANOVA: genotype, F (1,12) ϭ 7.0, p Ͻ 0.05; genotype ϫ nerve injury, F (1,12) ϭ 4.8, p Ͻ 0.05) and ␦-opioid receptors (n ϭ 4 per group; two-way ANOVA: genotype, F (1,12) ϭ 7.1, p Ͻ 0.05; genotype ϫ nerve injury, F (1,12) ϭ 5.0, p Ͻ 0.05)]. Thus, our findings indicate that, after SNI, BAMBI-KO mice upregulated -and ␦-opioid receptors in the lumbar spinal cord, whereas WT animals did not.
The absence of BAMBI potentiated the inhibitory effect of -and ␦-opioid agonists on forskolin-induced cAMP accumulation in the spinal cord of mice subjected to SNI
The adenylyl cyclase (AC)/cAMP pathway is most likely the best characterized effector system linked to opioid receptor signaling (Law et al., 2000) . After receptor activation, the signal to inhibit AC is mainly transduced by pertussis toxin-sensitive (G␣ i ) and insensitive (G␣ z ) G-protein subunits, resulting in reduced cAMP production (George et al., 2000) . We assessed whether BAMBI deficiency strengthened the opioid receptor-mediated inhibition of AC in lumbar spinal cord membranes. On day 14 after SNI, WT and BAMBI-KO mice showed similar basal AC activity (8.9 Ϯ 0.9 and 8.4 Ϯ 1.7 pmol ⅐ min Ϫ1 ⅐ mg protein Ϫ1 ; WT and KO, respectively) and forskolin-stimulated cAMP production (29.4 Ϯ 3.3% and 29.3 Ϯ 7.1% stimulation; WT and KO, respectively). Incubation of the membranes with the selective -opioid agonist DAMGO (10 Ϫ5 M), or with the ␦-opioid agonist DPDPE (10 Ϫ5 M), reduced the accumulation of cAMP after stimulation by forskolin in mice of both genotypes (Fig. 2) . After nerve injury, the inhibitory response to DAMGO was significantly reduced in the WT group, and the responses to both opioid agonists were significantly higher in the SNI-KO than in the SNI-WT group [DAMGO: n ϭ 9 or 10 per group; two-way ANOVA, genotype ϫ nerve injury, F (1,36) ϭ 6.1, p Ͻ 0.05; DPDPE: n ϭ 4 per group; two-way ANOVA, genotype, F (1,12) ϭ 8.6, p Ͻ 0.05].
Functional consequences of BAMBI deficiency on the antinociceptive responses induced by drugs affecting the opioid system
We assessed whether the neurochemical phenotype produced by BAMBI deficiency would determine changes in the antinociceptive and/or antiallodynic responses induced by analgesic drugs that facilitate opioid signaling either presynaptically or postsynaptically.
BAMBI deficiency enhanced the antinociceptive response to the inhibitor of enkephalinases, RB101, in neuropathic and inflammatory pain models
An increased presence of endogenous opioid peptides in nociception relevant areas is involved in the hypoalgesic phenotype of BAMBI-deficient mice (Tramullas et al., 2010) . Therefore, we postulated that increasing the lifetime of synaptically released opioid peptides, by inhibiting their inactivating enzymes, would potentiate the hypoalgesic phenotype. Thus, we assessed the influence of BAMBI deficiency on the antinociceptive effect of RB101, a systemically active inhibitor of metallopeptidases that produces a large increase in extracellular levels of enkephalins (Daugé et al., 1996; Le Guen et al., 2003) .
Under basal conditions (i.e., shamoperated mice), RB101 (100 mg/kg, i.p.) reduced the paw withdrawal responses to mechanical stimuli only in BAMBI-KO mice (n ϭ 3 or 4 per group; repeatedmeasures two-way ANOVA, genotype, F (1,10) ϭ 35.9, p Ͻ 0.001; treatment, F (1,10) ϭ 5.7, p Ͻ 0.05; genotype ϫ treatment, F (1,10) ϭ 4.1, p Ͻ 0.05), whereas the WT mice were insensitive to the inhibitor of enkephalinases (Fig. 3 A, B) . The influence of the genotype on the antiallodynic effect of RB101 was also determined in mice subjected to SNI. The inhibitor of enkephalinases was injected on day 28 after nerve injury, when mice of both genotypes had developed similar levels of mechanical allodynia (Fig. 3F ) . The hindpaw withdrawal response to mechanical stimulation with von Frey monofilaments was assessed 30 min after drug administration. Under these experimental conditions, RB101 significantly reduced the allodynic responses triggered by mechanical stimuli (Fig. 3C,D) in mice of both genotypes. However, the antiallodynic effect of RB-101 was significantly higher in BAMBI-KO mice than in WT mice (repeated-measures two-way ANOVA, n ϭ 4 or 5 per group; treatment, F (1,13) ϭ 103.4, p Ͻ 0.001; genotype, F (1,13) ϭ 182, p Ͻ 0.001; treatment ϫ genotype, F (1,13) ϭ 16.6, p Ͻ 0.001).
Coadministration of the opioid antagonist naloxone (1 mg/ kg) with RB101 to BAMBI-KO mice completely prevented the antiallodynic effect of RB101 (n ϭ 5 per group; one-way ANOVA, F (2,14) ϭ 6.3 p Ͻ 0.01; Fig. 3E ). The analgesic potency of the peptidase inhibitors depends directly on the magnitude of the extracellular release of endogenous opioid peptides . Thus, our results are in agreement with the higher expression levels of endogenous opioid peptides in the spinal cord of BAMBI-KO, compared with WT mice, as previously reported by our group (Tramullas et al., 2010) .
The antinociceptive effect of RB101 was also assessed in the formalin test of chemical/inflammatory pain (Fig. 4) . Typically, the intradermal injection of formalin into the plantar surface of the hindpaw produced a biphasic paw-licking response; the first phase (first 5 min) is thought to result from direct activation of primary afferent sensory neurons, whereas the second phase (20 -60 min) has been proposed to reflect the combined effects of afferent input and activity-dependent sensitization of CNS neurons within the dorsal horn (Coderre et al., 1990; Tjølsen et al., 1992; McNamara et al., 2007) .
Mice were treated with RB101 (100 mg/kg, i.p.) or vehicle 30 min before receiving a 20 l intraplantar injection of formalin in 
BAMBI deficiency enhanced the antinociceptive response to morphine in neuropathic and inflammatory pain models
Cumulative doses of the opioid agonist morphine (1, 3, 6, and 10 mg/kg) or vehicle were administered every 40 min to mice of both genotypes, either sham operated or subjected to SNI, on day 28 after nerve injury, when SNI mice of both genotypes had developed similar levels of mechanical allodynia (Fig. 3F ) . The hindpaw withdrawal responses to mechanical stimulation with von Frey monofilaments were assessed 30 min after the administration of each dose of morphine. The elapsed time between the first and the last morphine dose was 150 min.
Morphine significantly reduced the paw withdrawal responses to mechanical stimuli of increasing strength in sham-operated mice of both genotypes (Fig. 5) . However, the inhibitory effects on the paw withdrawal responses to mechanical stimuli of 3 and 6 mg/kg of morphine were significantly higher in the BAMBI-KO group than in WT [n ϭ 5-6 per group, repeated-measures twoway ANOVA, 1 mg/kg (genotype: F (1, 19) WT mice suffering from neuropathic pain were resistant to the antinociceptive effect of morphine, as they only responded to the highest dose of the opioid tested (10 mg). On the other hand, as shown in Figure 6 , BAMBI-KO mice were significantly more sensitive to the antiallodynic effect of 3 and 6 mg/kg of morphine [n ϭ 6 mice per group, repeated-measures one-way ANOVA, morphine 3 mg/kg (genotype: F (1, 20) The antinociceptive effect of morphine was also assessed in the formalin test (Fig.  7) . Mice were treated with morphine (3 and 6 mg/kg) or saline, 30 min before the intraplantar injection of formalin in the hindpaw. The time spent licking the paw was recorded during the first 5 min and from 20 to 60 min after injection. During the first phase of the test, in mice of both genotypes, morphine reduced the time spent licking the paw after formalin injection (Fig. 7) , although the antinociceptive response was significantly higher in BAMBI-KO than in WT mice in both phases of the test [first phase: n ϭ 6 or 7 mice per group, two-way ANOVA: genotype: 
Participation of the opioid system in the antiallodynic responses induced by recombinant TGF-␤1 in an experimental model of neuropathic pain
Chronic intrathecal infusion of recombinant TGF-␤1 attenuates neuropathic pain behaviors by a mechanism involving the inhibition of deleterious spinal cord neuroimmune responses to peripheral nerve injury in rats (Echeverry et al., 2009 ). In addition, we previously showed that the endogenous opioid precursors are under the transcriptional control by TGF-␤ signaling in the spinal cord (Tramullas et al., 2010) . Here, we hypothesized that the activity of the endogenous opioid system could contribute to the antiallodynic effect of TGF-␤1. To test this hypothesis, a series of wild-type mice received a 14 d infusion of recombinant TGF-␤1 (5 g/kg/d) or vehicle, starting on the day of SNI. Given that previous reports demonstrate the capacity of TGF-␤s to cross the blood-brain barrier (McLennan et al., 2005) , the osmotic minipumps were implanted subcutaneously. Using von Frey monofilaments, mice were assessed for mechanical allodynia development every second day. As shown in Figure 8 , mice treated with recombinant TGF-␤1 displayed an attenuated allodynic response compared with vehicle-treated mice (n ϭ 6 -8 mice per group, repeated-measures two-way ANOVA, treatment: F (1,25) ϭ 12.2, p Ͻ 0.01; force ϫ treatment: F (9,225) ϭ 4.6, p Ͻ 0.001). The administration of an acute dose of naloxone (1 mg/kg), 30 min before performing the von Frey test on day 14 after nerve injury completely reverses the antiallodynic effect of TGF-␤1 (Fig. 8A) . To assess the potential contribution of peripheral opioid-related mechanisms to the analgesic effect of subcutaneous TGF-␤1, mice were treated with N-methylnaloxone (1 mg/kg), a quaternary derivative of naloxone that does not cross the blood-brain barrier. As shown in Figure 8B , administration of methylnaloxone 30 min before performing the von Frey test on day 14 after nerve injury did not antagonize the antiallodynic effect of TGF-␤1 (n ϭ 6 per group, one-way ANOVA, F (2,17) ϭ 14.5, p Ͻ 0.001), indicating that the effect was fully dependent on central opioid pathways.
As mentioned above, Echeverry et al. (2009) link the antiallodynic effect of intrathecal TGF-␤1 to an attenuated spinal cord glial response after peripheral neuropathy. We therefore analyzed by immunofluorescence the changes in glial proliferation using GFAP, an astrocyte marker, 14 d after SNI in L4 -L5 spinal cord sections. In mice treated with vehicle, an increase in GFAP immunoreactivity was observed within the ipsilateral spinal cord 14 d after nerve injury (Fig. 9) . The treatment with a subcutaneous infusion of TGF-␤1 for 14 d consistently reduced the increase in GFAP immunoreactivity (Fig. 9) , which indicates a protective effect against astrocyte reaction.
Discussion
Neuropathic pain is a chronic debilitating disease characterized by mechanical allodynia and spontaneous pain. Because symptoms are often unresponsive to conventional treatments, new therapeutic approaches are essential. Herein, we demonstrated the potential of TGF-␤ signaling modulation as an alternative strategy to alleviate pathological pain by a mechanism exploiting the endogenous, opioidmediated, pain-inhibitory circuits.
Downstream transduction of TGF-␤ signals after ligand binding is prevented by the kinase-deficient decoy-receptor BAMBI (Onichtchouk et al., 1999) . Deletion of the BAMBI gene has constituted an effective strategy for unraveling the involvement of the TGF-␤ family in the control of pain states. BAMBI-KO mice show a hypoalgesic phenotype that involves increased transcription and synaptic release of endogenous opioids that include enkephalins and ␤-endorphin (Tramullas et al., 2010) .
Our present findings indicate that TGF-␤ signaling not only improves the functionality of the endogenous opioid system at the presynaptic level but also postsynaptically regulates the expression and function of opioid receptors. Thus, two weeks after SNI, when WT mice had already developed mechanical allodynia but BAMBI-KO mice had not, BAMBIdeficient mice exhibited upregulation of -and ␦-opioid receptors in the lumbar spinal cord, whereas no significant changes in opioid receptor density were evident in the WT group. Receptor expression regulation is a well-documented phenomenon in the opioid system and can have an impact on cellular responses to agonists (Mostany et al., 2008) . Adenylyl cyclase is a major intracellular effector linked to opioid receptor activity whose inhibition by agonists results in reduced cAMP production (Law et al., 2000; Valdizán et al., 2012) . This pathway plays a crucial role in antinociception mediated by opioid drugs and other pharmacological agents (Kim et al., 2006; Pierre et al., 2009 ). Here we show that, after SNI, the inhibitory effects of the -agonist DAMGO and the ␦-agonist DPDPE on forskolin-induced cAMP accumulation were significantly enhanced in BAMBI-KO mice, at a time point at which, ) or with RB101 (filled circles) 30 min before performing the test. *p Ͻ 0.05, versus vehicle (repeated-measures two-way ANOVA followedbyBonferroni'sposthoctest).**pϽ0.01,versusvehicle(repeated-measurestwo-wayANOVAfollowedbyBonferroni'sposthoc test). ***p Ͻ 0.001, versus vehicle (repeated-measures two-way ANOVA followed by Bonferroni's post hoc test). E, Effect of coadministration of the opioid antagonist naloxone (NLX, 1 mg/kg, i.p.) with RB101 on the mechanical sensitivity threshold in BAMBI-KO mice subjected to SNI. *p Ͻ 0.05, versus vehicle (one-way ANOVA followed by Bonferroni's post hoc test). $ p Ͻ 0.05, versus RB101 alone (one-way ANOVA followed by Bonferroni's post hoc test). F, Representative time course of mechanical threshold of WT and KO mice subjected to SNI. ***p Ͻ 0.001, versus WT (Student's t test). Data are mean Ϯ SEM.
unlike the WT group, KO mice did not exhibit allodynia. Overall, these results indicate that, after SNI, the overexpression of functional opioid receptors developed by BAMBI-KO mice contributed to their antiallodynic phenotype by increasing the antinociceptive potential of enkephalins and ␤-endorphin. This proposal is consistent with the high expression levels of BAMBI and several Type I TGF-␤ receptors in opioid receptor-rich areas, such as the cingulate cortex, the periaqueductal gray region, and the dorsal horn of the spinal cord (Tramullas et al., 2010) , which are part of the endogenous pain inhibitory circuitry (Ossipov et al., 2010) .
Many studies indicate that enkephalins cause both presynaptic and postsynaptic inhibition of incoming Type C and A␦ pain fibers, which synapse in the dorsal horn of the spinal cord to cause an opioidlike antinociceptive effect (Yaksh et al., 1982) . Targeted delivery and expression of PENK in the nervous system by gene transfer are one effective strategy to produce analgesia by increasing the release of enkephalins in the spinal cord (Goss et al., 2001; Hao et al., 2003; Fink et al., 2011) . Consistent with this, PENK deficiency produces exaggerated behavioral responses to painful stimuli in mice (König et al., 1996) . The enkephalins undergo rapid breakdown in the synapses because of the concomitant action of two zincmetallopeptidases, the neutral endopeptidase neprilysin and aminopeptidase N. RB101 is a systemically active dual inhibitor of both metalloproteinases , which induces antinociceptive responses in normal and neuropathic rats by increasing the lifetime of synaptic enkephalins (Daugé et al., 1996; Le Guen et al., 2003; Roques et al., 2012) . In the present study, the antinociceptive effect of RB101 was significantly higher in BAMBI-KO than in WT mice at baseline, as well as under conditions of chemical/inflammatory pain (formalin test) and neuropathic allodynia. Moreover, the opioid antagonist naltrexone completely reversed the antiallodynic effect of RB101 in BAMBI-KO mice. It is known that the analgesic potency of peptidase inhibitors depends directly on the magnitude of the extracellular release of endogenous opioid peptides (Roques et al., 2012) . Therefore, our results further support the hypothesis that increased synaptic release of enkephalins is a significant contributor to the hypoalgesic/antiallodynic phenotype of BAMBI-KO mice.
Our next objective was to assess whether the analgesic effect of exogenous opioids is potentiated by BAMBI deficiency. From a clinical point of view, this question is highly important because, although opioid drugs are the most efficacious agents currently available for treatment of moderate to severe pain, inadequate analgesia is sometimes achieved at levels of opioid therapy that cause intolerable side $$$ p Ͻ 0.001, BAMBI-KO versus WT (two-way ANOVA followed by Bonferroni's post hoc test). *p Ͻ 0.05, RB-101 versus vehicle (two-way ANOVA followed by Bonferroni's post hoc test). **p Ͻ 0.01, RB-101 versus vehicle (two-way ANOVA followed by Bonferroni's post hoc test). ***p Ͻ 0.001, RB-101 versus vehicle (two-way ANOVA followed by Bonferroni's post hoc test). effects. Thus, opioid resistance has been found in a variety of disease states, including neuropathic pain syndromes (Portenoy et al., 1990) . Accordingly, our results show that wild-type mice subjected to SNI responded poorly to morphine; thus, mechanical allodynia was alleviated only after administering a total of 20 mg/kg of morphine in a cumulative regimen of 1, 3, 6, and 10 mg/kg. These functional findings are in agreement with the neurochemical results, which show that -opioid receptors from wild-type neuropathic mice had a reduced capability to inhibit forskolin-induced cAMP accumulation in spinal cord homogenates. However, BAMBI-KO mice, even in the fully developed neuropathic condition, were significantly more responsive to the antiallodynic effect of low morphine doses (3 and 6 mg/kg). Whether BAMBI deficiency improves the antiallodynic opioid effect in nociceptive tests based on different stimulus modalities (spontaneous and evoked) deserves further studies.
BAMBI deficiency also resulted in an increased response to morphine under the chemical/inflammatory painful condition.
Therefore, the antinociceptive effect of 3 mg morphine was significantly higher in BAMBI-KO than in WT mice in the formalin test. Is important to note that morphine, at the dose of 6 mg/kg, almost abolished hindpaw licking behavior in the formalin model, which is in contrast to the "morphine resistance" exhibited by WT mice subjected to SNI. $$$ p Ͻ 0.001, WT versus BAMBI-KO (two-way ANOVA followed by Bonferroni's post hoc test). *pϽ0.05, morphine versus vehicle (two-way ANOVA followed by Bonferroni's post hoc test). **pϽ0.01, morphine versus vehicle (two-way ANOVA followed by Bonferroni's post hoc test). ***pϽ0.001, morphine versus vehicle (two-way ANOVA followed by Bonferroni's post hoc test).
The mechanism accounting for such enhanced antinociceptive and antihyperalgesic responses to morphine could be related to the increased production of endogenous opioids exhibited by BAMBI-KO mice (Tramullas et al., 2010) . In this regard, it has been previously reported that endogenous opioid peptides with preferential affinity for ␦-receptors, such as enkephalins, present functional synergistic or additive interactions with exogenously administered -opioid analgesics, such as morphine (Lee et al., 1980; Porreca et al., 1990; Rossi et al., 1993; Hurley and Hammond, 2001; Nieto et al., 2001; Hao et al., 2003) . At the molecular level, it is now well admitted that enkephalin peptides promote the intracellular trafficking of -␦ receptor heteromers and subsequent recycling to the plasma membrane where the receptors can be activated again by agonists, reinitiating cellular signaling processes (Whistler et al., 1999; Song and Marvizó n, 2003; Kabli et al., 2010) . Finally, we may also hypothesize that the TGF-␤ signaling gain, characteristic of BAMBI-KO mice may cause regulatory T-cell expansion and the release of IL-10, an antiinflammatory cytokine that has been reported to potentiate morphine analgesia (Johnston et al., 2004) . Interestingly, the anti-inflammatory cytokines IL-10 and TGF-␤ both have analgesic effects in animal models of neuropathic pain (Milligan et al., 2006; Echeverry et al., 2009; present results) .
Spinal infusion of exogenous recombinant TGF-␤1 suppresses neuropathic pain development and reverses established pain in rats subjected to peripheral nerve injury (Echeverry et al., 2009) . At the cellular level, TGF-␤ prevents neuronal damage after peripheral nerve injury, inhibits microglial and astrocytic activation, and decreases the release of proinflammatory cytokines, such as IL-1␤ and IL-6, within the spinal cord (Echeverry et al., 2009) . In harmony with the proven capability of this family of cytokines to cross the blood-brain barrier under neuroinflammatory conditions (Kastin et al., 2003; McLennan et al., 2005) , here we show that subcutaneous infusion of TGF-␤1 was also efficacious in preventing neuropathic pain expression in mice subjected to SNI. Moreover, the protective effect of subcutaneous TGF-␤1 against astrocyte activation within the spinal cord was similar to that reported with intrathecal administration (Echeverry et al., 2009) . Interestingly, in our study, the antiallodynic effect of TGF-␤1 was fully antagonized by a single injection of naloxone, whereas the opioid antagonist methylnaloxone, which does not cross the blood-brain barrier, was ineffective. These results suggest that the analgesic effect of subcutaneously administered TGF-␤1 is dependent on the activity of central "naloxonesensitive" endogenous pain modulatory circuits. Overall, our results and those of Echeverry et al. (2009) indicate that TGF-␤ treatment can prevent the maladaptive plasticity induced within the CNS by peripheral nerve injury, which is responsible for the dysfunction of opioid inhibitory circuits and results in reduced inhibition/enhanced facilitation of pain transmission. In addition, despite the presence of a mechanism capable of inducing pain (peripheral nerve injury), our observations indicate that engagement of opioidergic signaling in pain-modulating areas by TGF-␤ is a critical factor that can prevent the neuropathic pain behavioral manifestation.
In conclusion, our results show that presynaptic and postsynaptic modulation of the endogenous opioid system by TGF-␤ signaling can prevent allodynia development and improve the analgesic effectiveness of exogenous and endogenous opioid agonists under conditions of pathological pain. The potential value of TGF-␤ signaling as a therapeutic target for treating opioidresistant painful conditions, particularly neuropathic pain, deserves further attention.
